Increased levels of monocyte-platelet aggregates (MPAs) are reported to be highly correlated with cardiovascular events. In this study, the MPA levels in different monocyte subsets and the associations between MPA levels, HIV-1 viremia and monocyte activation were evaluated during HIV-1 infection. The results showed that the percentages of MPAs in all three monocyte subsets were higher in HIV-1-infected subjects than in healthy controls, and were associated with the plasma viral load in the non-classical and intermediate monocyte subsets. The plasma levels of sCD14 and sCD163 were upregulated in HIV-1 infection and were positively associated with viral loads and negatively associated with CD4 counts. P-selectin glycoprotein ligand-1 (PSGL-1) was shown to be expressed at significantly lower levels on all three monocyte subsets and was negatively correlated with the sCD163 level. The MPA level was correlated with the levels of plasma sCD163 but negatively correlated with CD163 and PSGL-1 on all three monocyte subsets. An elevated immune activation status was correlated with increased MPA formation, underlying the potential interaction between monocyte activation and MPA formation. This interaction may be related to a higher thromboembolic risk in patients infected with HIV-1.
INTRODUCTION
Chronic inflammation and immune activation are implicated in HIV-1 persistence and disease progression. As markers of immune activation, the plasma sCD14 and sCD163 levels are elevated during HIV-1 infection and are useful in predicting the activation status of the monocyte response, HIV activity and pathogenesis. [1] [2] [3] [4] [5] [6] Toll-like receptors (TLRs) are abundantly expressed on monocytes and are involved in innate monocyte responses. Many studies suggested that TLR responses contribute to the disease progression and clinical outcomes of viral infections, including HIV infections. [7] [8] [9] [10] As a natural ligand of the programmed death 1 (PD-1) molecule, increased levels of PD-L1 expression on antigen-presenting cells (APCs, including monocytes, dendritic cells and macrophages) have also been frequently reported during HIV-1 infection. This molecule can deliver signals that inhibit T-cell activation and proliferation. 11, 12 Human monocytes in the peripheral blood can be divided into the following three subsets: CD14 dim CD16 1 (non-classical monocytes), CD14 high CD16 1 (intermediate monocytes) and CD14 high CD16 2 (classical monocytes). 13, 14 Each subset has a unique genetic signature and distinct functions regarding inflammation and the immune response. 14, 15 Increased proportions of non-classical and intermediate monocytes have been indicated in HIV-1 infected patients. 16, 17 However, the phenotypic characteristics of specific monocyte subsets and their association with immune activation markers have not been fully defined. Recently, monocyte subset alterations and the formation of monocyte-platelet aggregates (MPAs) have been reported to be highly correlated with cardiovascular events. 18 MPA is regarded as a more sensitive marker of platelet activation than P-selectin (CD62P), a molecule that binds to Pselectin glycoprotein ligand-1 (PSGL-1) on monocytes, and is closely correlated with thromboembolic events. [19] [20] [21] Cardiovascular risks are increased in HIV-1-infected patients, [22] [23] [24] and this increase may be due to a mechanism involving monocyte subset distribution, activation, and MPA formation disorders. Increased MPA formation was previously reported in HIV-1-infected patients receiving antiretroviral therapy and in simian immunodeficiency virus infection. 25, 26 However, the MPA levels in HIV-1-infected, treatment naive patients and the changes in MPA levels as the disease progresses have not been previously examined. Although monocyte activation is a typical characteristic of HIV-1 infection, the association between monocyte activation and MPA levels in HIV-1 infection is still unclear. Investigating the circulating MPA levels and their association with monocyte immune activation markers will contribute to our understanding of the monocyte-related activation/inflammation status and thromboembolic risk during HIV-1 infection.
In this study, we investigated the distribution and phenotypic characteristics of three monocyte subsets in HIV-1-infected individuals. We specifically focused on the formation of MPA during HIV-1 infection and the association of these aggregates with monocyte activation and disease progression. The findings of this study provide a helpful surrogate marker for predicting cardiovascular risks in HIV-1 infection, and in addition, understanding the association between MPA formation and monocyte activation may implicate potential targets for intervention.
MATERIALS AND METHODS

Subjects
Fifty-eight HIV-1-infected subjects from a cohort of men who have sex with men in Chaoyang District, Beijing, China and 26 healthy, male controls were recruited in this study. The establishment of HIV-1 infection was diagnosed by the presence of HIV-1 antibodies using an anti-HIV-1 ELISA kit (Wantai, Beijing, China) and an anti-HIV-1 western blotting kit (Aoya, Hangzhou, China). Of the HIV-1 infected subjects, 38 had a primary HIV-1 infection (PHI), as defined by a diagnosis of HIV-1 infection within 12 months from the last negative detection, and 20 were chronically infected with HIV-1 infection (CHI), as defined by a diagnosis of HIV-1 infection over 3 years. All of the HIV-1-infected patients enrolled in this study were treatment naive. The demographic characteristics of the studied subjects are listed in Table 1 . The study was approved by the Institutional Review Board of the National Center for AIDS/STD Control and Prevention, China CDC. Written informed consents were signed before blood sample collection by all study participants. The CD4 1 T-cell counts were measured by subjecting EDTA-treated whole blood stained for CD3/CD4/ CD8/CD45 in TruCount tubes to analysis with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). The absolute numbers of CD4 1 T lymphocytes were analyzed using MultiSET software (BD Bioscience, San Jose, CA, USA). The plasma levels of HIV-1 RNA were measured with the Standard Amplicor HIV Monitor assay, version 2.0 (Roche Diagnostics, Indianapolis, IN, USA), according to the manufacturer's protocols. The lower limit of detection was 40 RNA copies/ml.
Monocyte phenotype and MPA determination EDTA anticoagulated peripheral blood was collected from HIV-1-infected subjects and healthy controls. Then, 100 ml of fresh whole blood was stained with CD3-Pacific Blue, anti-CD14 PE-Cy7, anti-CD16 APC-Cy7 and anti-CD61 APC for MPA determination. Additional combined antibodies, including anti-PSGL-1 Percp-eFluor710, anti-CD163 PE, anti-TLR2 Alex Fluor700, anti-TLR4 FITC, anti-PD-L1 FITC and anti-PD-1 PE were used for monocyte phenotype staining. The cells were stained for 25 min at room temperature in the dark. The red blood cells in the samples were lysed using FACS lysing solution (BD Bioscience) for 10 min in the dark. The remaining cells were washed twice and fixed with 2% paraformaldehyde. Compensation for fluorescence spillover was performed by using fluorochrome-conjugated calibration beads (OneComp eBeads; eBioscience, San Diego, CA, USA). With the exception of anti-CD16 APC-Cy7 and anti-PD-L1 FITC, which were purchased from BD Pharmingen, all of the other antibodies were purchased from eBioscience. The samples were acquired on a FACSAria cytometer (BD Bioscience, San Jose, CA, USA) equipped with three lasers (488 nm, 405 nm and 633 nm) and 9-color detecting capabilities and were analyzed using FlowJo software (TreeStar, Ashland, OR, USA). The monocyte subsets were defined by CD14 and CD16 expression, and MPAs were represented by CD61 1 monocytes. The levels of phenotypic markers expressed on different monocyte subsets were recorded as mean fluorescence intensity (MFI).
Detection of sCD14 and sCD163 in the plasma ELISA kits were utilized to quantify soluble CD14 (sCD14) and soluble CD163 (sCD163) in plasma samples according to the manufacturer's instruction (R&D System, Minneapolis, MN, USA). 
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Statistical analysis
Statistical analysis was performed with GraphPad Prism 5.0 software (San Diego, CA, USA). A non-parametric MannWhitney U-test was used to evaluate variations between corresponding groups. The Pearson correlation test was used to evaluate correlations among the CD4 counts, viral load, proportions of monocyte subsets, percentages of MPAs and the MFI of monocyte phenotypic markers. All analyses were twotailed, and P values less than 0.05 were considered to be statistically significant.
RESULTS
Monocyte subset frequencies are altered during HIV-1 infection
Whole blood samples were stained with anti-CD14 and anti-CD16 antibodies and analyzed by flow cytometry. The monocyte subsets were gated according to the expression levels of CD14 and CD16 ( Figure 1a ) using the following criteria: Figure 1b , the proportion of nonclassical CD14 dim CD16 1 monocytes was increased in HIV-1-infected subjects in comparison with healthy controls, including both PHI and CHI patients (P,0.001 for both). Similarly, the proportion of intermediate CD14
high CD16 1 monocytes was also increased during HIV-1 infection (P50.003 for PHI and P50.028 for CHI). In contrast, the frequencies of classical CD14 high CD16 2 monocytes were decreased during HIV-1 infection (P,0.001 for both PHI and CHI). No significant difference was observed between PHI and CHI regarding any of the three subsets of monocytes ( Figure 1b) .
We then analyzed the relationship between the frequencies of the monocyte subsets and the CD4 counts and HIV-1 viral load. In PHI, the percentages of CD14 dim CD16 1 non-classical monocytes and CD14 high CD16 1 intermediate monocytes were negatively associated with the CD4 counts (P50.001, R520.55 and P50.044, R520.33, respectively) ( Figure 1c ). No correlation was found between the monocyte subsets and the viral load in the PHI group (data not shown). Unlike the PHI group, the proportions of the monocyte subsets in the CHI group had no relationship with either CD4 counts or HIV-1 viral load (data not shown).
Formation of MPAs was increased in all three monocyte subsets during HIV-1 infection CD61 was expressed on platelets and can be used to gate and define MPA via the detection of CD61 1 monocytes. The MPA levels were significantly increased in all three monocyte subsets in the PHI group (P,0.001, P,0.001 and P50.029 for CD14 (Figure 2b ). Because the formation of MPAs depends on the interactions between PSGL-1 on monocytes and P-selectin (CD62P) on platelets, PSGL-1 expression on monocyte subsets was determined. As shown in Figure 2c , PSGL-1 expression on all three monocyte subsets was decreased in the PHI group (P,0.001 for all monocyte subsets). It was partially restored in the CHI group but did not return to the level of the healthy controls (Figure 2c ). PSGL-1 expression was negatively correlated with the MPA levels (P50.012 and r520.302 for CD14 2 monocytes; Figure 2d ), indicating that PSGL-1 may be shed from the monocyte surface upon MPA formation.
Immune activation markers on monocyte subsets were altered in HIV-1 infection Differential expression of immune activation markers such as PD-1, PD-L1, TLR2 and TLR4 on monocytes has been previously reported. Here, we investigated the expression of these markers on different monocyte subsets in HIV-1-infected subjects. TLR2, TLR4 and PD-L1 expression levels were increased in all monocyte subsets in the PHI group (P,0.001 for all; Figure 3a -c). In the CHI group, the expression of these immune activation markers was decreased on all three monocyte subsets, but still could not return to the normal level of healthy controls (P,0.001 for all) (Figure 3a-c) . In contrast, increased PD-1 expression was only observed on the CD14 dim CD16 1 monocyte subset (P,0.001 for PHI group and P50.01 for CHI group; Figure 3d ). These findings indicated that all three monocyte subsets were involved in immune activation during HIV-1 infection.
The levels of sCD14 and sCD163 in the plasma are increased in HIV-1 infection and are related to disease progression The plasma levels of soluble CD14 and CD163 were quantified in samples from 58 HIV-1-infected subjects and 26 healthy controls. Plasma sCD14 and sCD163 were elevated in both the PHI (P,0.001 for both sCD14 and sCD163) and CHI (P50.002 for sCD14 and P,0.001 for sCD163) groups in comparison with healthy controls (Figure 4a ). In addition, the sCD163 level in the CHI group was further increased relative to the PHI group (P50.001) (Figure 4a ). The levels of plasma sCD14 and sCD163 were negatively correlated with CD4 counts (P50.028, r520.409 and P50.017, r520.388, respectively) and were positively correlated with viral load (P50.030, r50.385 and P50.034, r50.406, respectively) ( Figure 4b ).
MPA formation was differently associated with CD163 expression on monocytes and sCD163 levels in the plasma during HIV-1 infection We have shown that PSGL-1 expression was negatively correlated with MPA formation (Figure 2d) . Here, we further evaluated whether immune activation was responsible for MPA Figure 5a , PSGL-1 expression was found to be negatively associated with the plasma levels of sCD163 (P50.002 and r520.402 for CD14 dim CD16 1 monocytes, P50.010 and r520.375 for CD14 high CD16 1 monocytes and P50.024 and r520.308 for CD14 high CD16 2 monocytes). Consistent with the inverse correlation between PSGL-1 expression and MPA levels (Figure 2d) ( Figure 5b) , although an inverse correlation between CD163 expression on monocytes and the plasma levels of sCD163 was not observed in this study as reported by other groups. 27 Altogether, these findings suggest that the elevated immune activation status may be responsible for MPA formation during HIV-1 infection.
DISCUSSION HIV-1-infected individuals experience a higher risk of cardiovascular disease (CVD) compared with their uninfected counterparts. [22] [23] [24] Increased immune activation of monocytes was reported to be involved in HIV-1 pathogenesis and thus associated with CVD risk. 17, 28, 29 In the present study, we demonstrated that in contrast to the decreased percentage of CD14 high CD16 2 monocyte subset, CD14 dim CD16 1 and CD14 high CD16 1 monocyte subsets were expanded during both primary and chronic HIV-1 infection. This was the first report of the monocyte subset distribution in primary HIV-1 infection, and it expanded previous observations that had focused on chronic HIV-1-infected patients, HARRT patients, and elite controllers. 16, 17, 30 In contrast to the report by Han et al., 16 we found that CD14 dim CD16 1 and CD14 high CD16 2 monocytes were negatively correlated with CD4 counts in PHI but not CHI. This difference might be due to our limited case numbers in the CHI group. MPA levels have been previously associated with thrombosis and inflammation and are increased in CVD and autoimmune diseases. [19] [20] [21] 31 Here, we found that MPA levels were elevated in all three monocyte subsets in PHI and that they were increased in non-classical CD14 dim CD16 1 monocytes and intermediate CD14
high CD16 1 monocytes in CHI. To the best of our knowledge, this is the first report regarding the MPA status in primary and chronic HIV-1 infection without antiretroviral therapy. Because MPA formation increased CD16 expression on circulating CD14
1
CD16
2 monocytes, 32 increased MPA levels may contribute to the increased proportions of CD14 dim CD16
1 and CD14 high CD16 1 monocyte subsets in HIV-1 infection. In addition, we found that the MPA levels in non-classical and intermediate monocytes were closely associated with HIV-1 viremia, indicating a potentially higher CVD risk in patients with active HIV-1 replication.
The formation of MPAs depends on the interaction of PSGL-1 on monocytes and P-selectin (CD62P) on platelets. production of pro-inflammatory cytokines, such as monocyte chemoattractant protein 1 and tumor-necrosis factor-a, and coagulation-initiating tissue factor, thus enhancing the adhesion of MPA to endothelial cells. 34, 35 PSGL-1 was constitutively expressed on circulating monocytes and was decreased upon monocyte activation or monocyte-platelet interaction. 36, 37 Here, we demonstrated that PSGL-1 expression was decreased in all three monocyte subsets and was negatively associated with MPA levels. The decreased PSGL-1 expression and the associated decreased capacity of MPA formation may have been due to a feedback mechanism of the host immune system to prevent further lesions caused by MPA.
MPA formation resulted in monocyte activation and is associated with pro-inflammatory cytokine secretion, upregulated adhesion molecules and tissue factor expression. 34, 35, [38] [39] [40] In our study, high levels of the immune activation markers TLR2, TLR4 and PD-L1 were found on all three monocyte subsets. sCD14 and sCD163 are monocyte/macrophage activation markers. They have been reported to be upregulated in HIV infection and can act as predictive markers of HIV disease progression. [1] [2] [3] [4] [5] [6] Increased coagulation biomarkers, such as Ddimer and/or thrombin-antithrombin complex, were also found to be correlated with sCD14 in pathogenic simian immunodeficiency virus infection. 41 In addition, we found that increased plasma levels of sCD14 and sCD163 were positively correlated with HIV-1 viremia, but were negatively correlated with the CD4 counts. These data suggested that monocyte activation occurs in HIV-1 infection and plays a pivotal role in HIV disease progression. sCD163 was derived from the ectodomain shedding of membrane CD163 and was inversely correlated with CD163 expression. 27, 42 sCD163 was previously reported to be elevated and associated with CVD in HIVinfected or-uninfected patients.
2,43 Interestingly, we found that the MPA levels of all three monocyte subsets were positively correlated with sCD163 levels, indicating that the increased formation of MPA in HIV-1 infection was associated with monocyte activation status. We could not determine whether MPA formation induced monocyte activation or whether monocyte activation enhanced MPA formation. However, other groups have reported that the formation of MPA is primarily dependent on platelet activation and to a lesser extent on monocyte activation. 26, 44, 45 Therefore, we speculated that the increased monocyte activation in HIV-1 infection might be partially ascribed to MPA formation, which rendered monocytes more active, more adhesive, more procoagulant, and more inflammatory through the release of pro-inflammatory cytokines (such as IL-6 and tumor-necrosis factor-a) or the expression of tissue factor, resulting in an increased CVD risk. In summary, we showed for the first time that MPA levels are increased on CD14 
1 and CD14 high CD16 2 monocyte subsets vs. sCD163 levels in the plasma (upper panel) or vs. CD163 expression on monocyte subsets (lower panel) (n558). P,0.05 indicates significance. MPA, monocyte-platelet aggregate; PSGL-1, P-selectin glycoprotein ligand-1.
